1. This study compares the effects of four toxic strains of Microcystis aeruginosa on tropical and temperate Cladocera. Survival was tested in acute toxicity experiments using Microcystis alone or in mixtures with the edible green algae Ankistrodesmus falcatus. The effect of chronic exposure on population growth was estimated in lifetable experiments by varying the proportion of Microcystis and the green alga. Nutritional deficiency was assessed using a non-toxic cyanobacterium in a zooplankton growth experiment. Feeding inhibition was tested using a 14 C-labelled green alga as a tracer in mixtures with toxic Microcystis. 2. Toxicity varied consistently between Microcystis strains, while sensitivity varied consistently between cladoceran species. However, no relationship was found between sensitivity and geographical origin or cladoceran body size. Two small-bodied cladocerans from the same tropical lake, Ceriodaphnia cornuta and Moinodaphnia macleayi, were the least sensitive and most sensitive species, respectively. 3. Surprisingly, two small tropical cladocerans survived longer without food than did three large Daphnia species and a third small tropical species. 4. Each of the three tropical Microcystis strains strongly reduced the population growth rate (little 'r') and reproductive output of each cladoceran, this reduction being proportional to the percentage of toxic cells in the diet. 5. As the sole food source, the non-toxic cyanobacterium, Synechococcus elongatus, supported poor growth in M. macleayi. The nutritional deficiency was overcome when Synechococcus was mixed with either Ankistrodesmus or an emulsion rich in omega-3 fatty acids. 6. Microcystis inhibited the feeding rate of two cladocerans, even when it comprised only 5% of a mixture with the green algae A. falcatus. 7. Differences in sensitivity to the toxic cyanobacterium appear to be associated with differences in life history between the cladoceran species rather than differences between tropical and temperate taxa. Slow-growing species that are resistant to starvation appear less sensitive to toxic Microcystis than fast-growing species, which also tend to die more quickly in the absence of food.
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Introduction
Many cyanobacteria are toxic to zooplankton, causing increased mortality and reduced reproductive output (Porter & Orcutt, 1980; Hietala, Reinikainen & Walls, 1995) . A given species of cyanobacteria may, however, include both toxic and non-toxic strains. For example, within the genus Microcystis, some strains cause high mortality rates and allow little or no reproduction (Nizan, Dimentman & Shilo, 1987; Smith & Gilbert, 1995) , while other strains support high survival and fair to good rates of growth and reproduction (DeBernardi & Giussani, 1990) . Moreover, resistance to cyanobacterial toxins can vary markedly among zooplankton species (Lampert, 1982; Fulton & Pearl, 1987; DeMott, Zhang & Carmichael, 1991; Gilbert, 1994; Smith & Gilbert, 1995) .
Although several hypotheses have been proposed to explain cyanobacterial blooms in eutrophic lakes (Sterner, 1989; Vincent, 1989; Shapiro, 1990) , the appearance of toxicity in such blooms is not yet understood (Carmichael, 1992) . One hypothesis involves differential grazing on toxic and non-toxic cells by zooplankton (Lampert, 1981a) . In this case, toxic strains would be favoured by the inhibition effect on the filtering rate of zooplankton and would have a selective advantage over non-toxic ones (Lampert, 1982) . However, most cladocerans are relatively nonselective filter feeders (DeMott, 1990) and thus, in contrast to copepods, are not able to discriminate between toxic and non-toxic cells (DeMott & Moxter, 1991) . Therefore, in lakes dominated by cladocerans, grazing would not favour toxic strains, because toxic and non-toxic clones would experience an equal benefit from the reduction in grazing and more readily grazed competitors would benefit even more.
A related hypothesis considers the evolutionary role of cyanobacterial toxins. Even though the effects of these toxins have been extensively investigated in vertebrates, especially in mammals, it is unlikely that they have evolved as a defence against warmblooded animals (Lampert, 1981a) . These toxins are more likely to have evolved as a defence against grazing by zooplankton, similar to the development of toxins by terrestrial plants against insect predation (Kirk & Gilbert, 1992) . In fact, strong evidence from laboratory studies suggests that cyanobacteria toxins act as a defence against zooplankton predation by inhibiting filtering rate (Lampert, 1981b (Lampert, , 1982 Nizan et al., 1986; Fulton & Pearl, 1987; DeMott & Moxter, 1991; Haney, Sasner & Ikawa, 1995) . The mechanism of feeding inhibition may occur after ingestion, resulting from the digestion of cyanobacterial cells and the delivery of toxic compounds, or as a result of chemical deterrence, causing behavioural avoidance of toxic cells before ingestion. Nevertheless, some evidence suggests that the compounds that cause acute toxic effects after the ingestion of toxic cells are different from the compounds that cause chemical deterrence of feeding rates (Jungmann, Henning & Jü ttner, 1991) .
Microcystins are the main cyanobacterial toxins associated with the toxicity to vertebrates and invertebrates (Carmichael, 1992) . However, Jungmann & Benndorf (1994) proposed a controversial hypothesis that toxins other than microcystins are responsible for the toxicity of Microcystis to zooplankton. Also, Jungmann (1995) isolated and purified a new, but unidentified, compound from a strain of Microcystis aeruginosa Kü tzing (PCC7806) that proved to be more toxic to Daphnia than microcystins. However, his tests involved dissolved toxins rather than ingested toxins, which may influence the toxin absorption process. In addition, DeMott & Dhawale (1995) showed that microcystin-LR can inhibit the activity of protein phosphatase 1 and 2A from crude extracts of three zooplankton species. These results corroborate previous data obtained with the same zooplankton species, in which pure microcystin-LR and a strain of Microcystis (PCC7820) showed acute toxic effects to these species .
The nutritional value of non-toxic cyanobacteria to zooplankton has also been a matter of controversy. While many studies have shown that non-toxic cyanobacteria are a poor quality food for zooplankton (Porter & Orcutt, 1980; Infante & Abella, 1985; Hazanato & Yasuno, 1987; Matveev & Balseiro, 1990; Lundstedt & Brett, 1991; Smith & Gilbert, 1995) , other studies have shown that some species of zooplankton exhibit good survival and growth when fed cyanobacteria (Burns & Xu, 1990; Gliwicz, 1990; Fulton & Jones, 1991) . As DeBernardi & Giussani (1990) pointed out, the inadequacy of non-toxic cyanobacteria as food can be attributed to colony or filament size, which causes mechanical interference with feeding apparatus. Also, the low assimilation of cyanobacteria could be due to poor digestibility be-cause, as in some gelatinous green alga (Porter, 1975) , they are covered by a mucilaginous sheath that make digestion difficult (Lampert, 1987) .
Nutritional deficiency in certain polyunsaturated fatty acids that are essential for zooplankton growth is another factor that may reduce the food quality of cyanobacteria for zooplankton (Ahlgren et al., 1990; Mü ller-Navarra, 1995) . In support of the fatty acid hypothesis, DeMott & Mü ller-Navarra (1997) found that the growth rates of three Daphnia species were markedly reduced when they were fed a non-toxic cyanobacterium, Synechococcus elongatus Nägeli, as a sole food source. Growth increased, however, when a green alga or an emulsion rich in omega-3 fatty acids was mixed with the cyanobacterium. This suggests that Synechococcus lack lipids that are important for Daphnia.
Most research on interactions between toxic cyanobacteria and zooplankton has focused on temperate taxa and no previous studies have directly compared tropical and temperate zooplankton. Because cyanobacteria are favoured by high temperature, tropical waters often experience frequent and long-lasting blooms of cyanobacteria. Thus, one can hypothesize that tropical zooplankton experience higher selection pressure for resistance to cyanobacterial toxins than temperate zooplankton. The major goal of this study is to test the hypothesis that tropical cladocerans are more resistant to toxic and nontoxic cyanobacteria than temperate cladocerans. To make a rigorous and general test, we used several experimental designs and four strains of toxic Microcystis, three isolated from tropical lakes. In order to examine further the applicability of research on temperate cladocerans to tropical species, we also studied feeding inhibition by toxic cyanobacteria and nutritional deficiencies in a non-toxic cyanobacterium.
Methods

Cultures of green algae, cyanobacteria and zooplankton
Two green algae, four toxic Microcystis strains and a non-toxic cyanobacteria, S. elongatus, were obtained from several sources (Table 1) . To avoid detrimental effects other than toxicity (e.g. colony size), only single-celled strains of Microcystis were used. Green algae were cultured in MBL medium (Stemberger, 1981) , while cyanobacteria were cultured in ASM-1 medium (Gorham et al., 1964) , both in batch cultures and in the same temperature and light conditions as zooplankton. Daily, an appropriate volume of green algae culture was harvested, centrifuged and resuspended in zooplankton medium to feed the animals. For the experiments, cyanobacteria cultures were kept in exponential growth phase by harvesting about half of the culture volume every other day and replacing this volume with fresh ASM-1 medium. Calibration curves (absorbance versus particulate organic carbon) were used to estimate the carbon concentration of the algal suspensions.
Zooplankton species were collected from different lakes in tropical and temperate regions (Table 2) . Zooplankton stock cultures were kept in 1 L glass jars with an artificial medium (modified from Tollrian, 1993) in a temperature-controlled chamber at 20 9 1°C and 16 : 8 h light : dark cycle. These cultures were fed from stock cultures of the green algae Ankistrodesmus falcatus (Braun) and Chlamydomonas reinhardtii Dangeard at a total concentration of 1.0 mg C L − 1 . This concentration is far above the incipient limiting level for daphnids (Lampert, 1977) and is sufficient for rapid growth and good reproduction. New zooplankton cultures were established once a week, when about 20-25 juveniles of each species were transferred to new medium.
Acute toxicity experiments
A series of acute toxicity experiments were carried out with the tropical and temperate cladocerans in order to compare their survival during exposure to toxic strains of Microcystis. The basic design for these experiments consisted of exposing 10 neonates ( B 24 h old) of each cladoceran species in a glass tube with 30 mL of artificial medium and a toxic strain Microcystis at concentrations ranging from 0.1 to 1.0 mg C L − 1 . Survival was checked every day for 5 days. There were four replicate tubes per treatment. In some experiments, the animals were fed Microcystis alone and controls consisted of starved animals. In another series of survival experiments, animals were fed mixtures of Microcystis and Ankistrodesmus at a total concentration of 1.0 mg C L − 1 . Here, controls consisted of animals fed with 1.0 mg C L − 1 of the green algae. Mixed diets were used to eliminate possible effects of starvation and nutritional deficiency when cyanobacteria were added alone. Use of several experimental designs also increased the generality of our results. Median lethal time (LT 50 ) for each strain, in each concentration, was estimated in hours by PROBIT regression analysis (SPSS Statistical Package, SSPS Inc., Chicago, IL, U.S.A.). We used LT 50 instead of median lethal concentration (LC 50 ) because there were heterogeneous responses among the Cladocera to the Microcystis strains (i.e. cohorts of animals decreased to 50% on different days and we had no way to choose a specific day for calculating LC 50 ). Also, responses to toxic strains were compared to controls with starved or fed animals, for which the LC 50 cannot be calculated. Differences between treatments were tested statistically by analysis of variance (ANOVA) using the LT 50 data to test for the effects of cladoceran species, Microcystis strain and toxic cells concentration.
Chronic toxicity experiments (life-table experiments)
Two life-table experiments were carried out in order to assess the effects of chronic exposure to toxic strains of cyanobacteria on the intrinsic rate of population growth, r. These experiments started with cohorts of neonates ( B24 h old) which were fed toxic Microcystis mixed with different proportions of the green algae Ankistrodesmus, for a total concentration of 1.0 mg C L − 1 . Initially, 10 -20 animals from each species were placed individually in glass tubes with 30 mL of artificial medium and the various algal suspensions. After 3 days, only Daphnia were transferred to 100 mL flasks with the respective algal suspensions to avoid food depletion due to their large size and higher filtering rates. Every day, the animals were transferred to new algal suspensions and checked for survival, the appearance of eggs and the number of newborns per female. These data were used to calculate the intrinsic rate of natural increase (r). The experiments were run for 14 -16 days, depending on the survival of the cohorts in the Microcystis treatments. Calculations showed that reproduction beyond this time had a negligible effect on r. The mean intrinsic rate of natural increase and its confidence interval were estimated using a computer bootstrap technique (Taberner et al., 1993) , with 500 replicates per run and a bias adjusted correction for small cohorts (Meyer et al., 1986) . Statistical differences between Microcystis treatments and controls were tested by t-tests.
Growth with a non-toxic nutritionally deficient cyanobacterium
An experiment was designed to test the effects of a non-toxic but nutritionally deficient cyanobacterium (S. elongatus) on the growth (i.e. increase in mass) of a tropical cladoceran. The experiment started with a cohort of Moinodaphnia macleayi (King) B 24 h old. About 100 individuals were placed in 500 mL bottles in each treatment. There were four treatments with three replicate bottles per treatment: Ankistrodesmus alone (control; 0%); a 1:1 mixture of Synechococcus and Ankistrodesmus (50%); Synechococcus supplemented with a fish oil emulsion ( + FO); and Synechococcus alone (100%). The total concentration of algae in each treatment was 1.0 mg C L − 1 . Initially and after 2, 4 and 6 days, 10 animals from each bottle were transferred to a single small, pre-weighed aluminium container, dried at 60°C overnight, and weighed on a Sartorius (Goettingen, Germany) electronic microbalance to the nearest microgram. Instantaneous net growth rates were calculated using the following equation:
where M o and M t are the mean individual mass initially and after t days. At the end of the experiment, the number of eggs carried by each animal was also counted and significant differences between treatments were tested by ANOVA.
Feeding experiment
Filtering rates were measured in order to evaluate the inhibitory effects of a toxic cyanobacterium on the feeding rates of two zooplankton species, Daphnia pulex De Geer and Moina micrura Kurz. In this experiment, we used 14 C (NaH 14 CO 3 ) as a radiotracer to label the nutritious alga (A. falcatus), which was mixed with toxic Microcystis for a total concentration of 1.0 mg C L − 1 . The details of the algae labelling and radiotracer technique are described in DeMott (1988) . Before the start of the experiment, two groups of animals from the same cohort were separated and acclimatized for 1 or 20 h, respectively, in 500 mL bottles with unlabelled food suspensions. Five animals from each species were then placed in a 100-mL beaker and allowed to feed for about 7 min on the same mixture with radioactive Ankistrodesmus. There were three replicate beakers for each treatment and acclimation time. The animals were then anaesthetized in carbonated water, measured under a dissecting microscope and individually transferred to scintillation vials containing 0.5 mL of a tissue solubilizer (TS-2, Research International Corp., Mount Prospect, IL, U.S.A.). After 6 h, 10 mL of a scintillation cocktail (Ecolume, Research Products Int.) was added to each vial. Specific activities of algal suspensions were determined by filtering a 3.0-mL sample at the beginning of the experiment. Radioactivity was determined with a liquid scintillation spectrophotometer (Tracor Analytic, Delta 300, Model 6891) with internal standards for determining 14 C efficiencies. Feeding inhibition was tested by one-way ANOVA on log-transformed filtering rates.
Toxin extraction and quantification
The toxin microcystin in the three tropical Microcystis strains was extracted and quantified using a method modified from Krishnamurthy, Carmichael & Sarver (1986) . Freeze-dried cells from each strain were extracted three times with a mixture of buthanol : methanol : water (5 : 20 : 75), followed by centrifugation (4000 g, 10 min), evaporation of the supernatant to one-third of the original volume and passing this sample into a C18 cartridge. The sample in the cartridge was then eluted with 20 mL of 100% methanol and dried with hot air in an evaporator chamber. The sample was then resuspended in 1.0 mL of deionized water and kept in a freezer until the analysis. Analysis and quantification of the toxin was carried out using high performance liquid chromatography (HPLC) in a Shimadzu chromatographic apparatus with a diode array UV/Vis. SPDA-M10A. The analysis was carried out in isocratic conditions in a reverse phase column Supercosil LC18 (5 mm, 10 × 250 mm), using acetonitrile and ammonium acetate (20 mM, 28:72 v:v) as the mobile phase and absorbance at 238 nm. The spectrum of each chromatogram peak was analysed between 200 and 300 nm using a diode photodetector and was compared with a standard profile of microcystin-LR to confirm the presence of toxin in the sample. The toxin content was determined by comparing the area of the sample peaks with that of the microcystin-LR standard. & Carmichael (1996) . cystin (Table 3 ). The three strains from Jacarepaguá Lagoon (Rio de Janeiro, Brazil) had a similar content of microcystins per dry weight, although strain NPLJ-2 showed a slightly higher concentration. According to Arment & Carmichael (1996) , the microcystin-LR content of the Microcystis strain PCC7820 varied from 2.81 to 3.43 mg mg − 1 dry weight for exponentially and stationary growing cells, respectively. Microcystin-LR was the dominant form of microcycstin in this strain. Microcystis strains from Jacarepaguá Lagoon had total microcystin contents that were about in the same range as the microcystin-LR content of the PCC7820 strain (Table 3 ). Our analysis of the Brazilian strains did not, however, identify different chemical forms of microcystins.
Results
Acute experiments
The Microcystis strains isolated from Brazilian waters contained high concentrations of the toxin micro- In the first acute experiment, all cladocerans were exposed to Microcystis alone in different concentrations and the controls consisted of starved animals ( Fig. 1) . Most cladocerans experienced more rapid mortality when exposed to Microcystis than in the starved controls. Except for Daphnia pulicaria (Forbes) in the NPLJ-2 and NPLJ-3 treatments and Daphnia similis Claus and Ceriodaphnia cornuta Sars in the NPLJ-3 treatment, cladocerans showed a significantly lower survival in the treatments with each Microcystis strain than in the controls without food (ANOVA, PB0.05).
ANOVA revealed significant differences in survival between cladoceran species (F= 72.6; P B 0.0001). There were significant differences in cladoceran survival between Microcystis strains (F = 79.6; P B 0.0001) and also an interaction between cladoceran species and Microcystis strains (F = 19.3; P B 0.0001). Comparisons of average LT 50 values for these strains by the Tukey test (a=0.05) showed that strain PCC7820 was the most toxic (LT 50 = 36 h), NPLJ-2 was intermediate (LT 50 = 56 h) and NPLJ-3 was the least toxic strain (LT 50 = 66 h). In some Microcystis treatments, survival was not significantly different from the controls with starved animals. Thus, these trials alone do not provide convincing evidence of toxicity. For example, NPLJ-2 and NPLJ-3 treatments exhibited LT 50 values for D. pulicaria that were not statistically different from the controls (P\0.05). The same occurred for D. similis and Ceriodaphnia in the NPLJ-3 treatment. For D. pulex and Moinodaphnia, however, each strain of Microcystis significantly reduced survival relative to the starvation controls (PB 0.05). The tropical Moinodaphnia seemed to be the most adversely affected species, showing high sensitivity to all strains of Microcystis. For this species, mortality was pronounced during the first 2 days of the experiment. Moreover, in the PCC7820 treatment, most individuals of Moinodaphnia died during the first day of the experiment. This result further emphasizes the high toxicity of the PCC7820 strain, which was also observed in other studies (see 'Discussion' section).
The concentration of toxic Microcystis had little or no effect on cladocerans survival in the acute experiments with the toxic cyanobacterium alone (F =1.4; P = 0.2407). Moreover, there was no significant interaction between concentration and cladoceran species (F =1.3; P =0.2886) or Microcystis strains (F = 0.9; P = 0.4838). A strong effect of Microcystis concentration was observed only for Moinodaphnia in the NPLJ-2 and NPLJ-3 treatments (PB 0.0001) and for Ceriodaphnia in the PCC7820 treatment (P B 0.0001). These results suggest a weak effect of toxic cell concentration when toxic Microcystis is offered as the only resource.
In Fig. 2 , two tropical moinid species were exposed to Microcystis strains under two conditions. In the first, the moinids were given diets of Microcystis alone in three concentrations and controls consisted of starved animals. In the second condition, the moinids were given mixed diets of Microcystis and the green alga A. falcatus, and controls consisted of animals fed only on the green alga. In the mixed diets, there were also three concentrations of cyanobacteria mixed in different proportions with the green alga, making up a total food concentration of 1.0 mg C L − 1 . ANOVA showed significant differences in survival between the moinid species (F =95.3; PB0.0001). Comparison of the average LT 50 values by the Tukey test (a= 0.05) showed differences in sensitivity between the two moinids when exposed to Microcystis cells alone (PB 0.0001) or in combination with the green algae (PB 0.0001). In both cases, Moinodaphnia was more sensitive than Moina micrura to the toxic Microcystis strains. The overall mean LT 50 for Moinodaphnia when exposed only to Microcystis cells was 37 h and for Moina was 53 h. When exposed to mixtures of cyanobacteria and green algae, the mean LT 50 for Moinodaphnia increased to 54 h and for M. micrura to 97 h. green algae (mean LT 50 for NPLJ-2: 53 h; mean LT 50 for NPLJ-3: 96 h).
The effect of diet type (Microcystis alone or in a mixed diet) on survival differed for the two moinids. Moreover, a strong interaction between diet type and Microcystis strain was observed (F =74.2; P B0.0001). This interaction means that the effect of the cyanobacteria strain depends on whether it is offered as a single resource or is mixed with good food. However, in the single food diet, Moina were not sensitive to NPLJ-2 strain (survival was not significantly different from the starved controls) and were only marginally sensitive to NPLJ-3 (P=0.0424). In the mixed food diet, however, Moina showed high sensitivity to both strains. In contrast, Moinodaphnia were sensitive to both strains in both single and mixed food diets.
In the acute experiment with moinids, there was a strong effect of concentration in the treatments with Microcystis, especially when mixed with the green algae (F = 197.4; P B 0.0001). Diet type also showed a significant effect, especially in the lower concentrations of cyanobacteria. For example, in contrast with the single diet treatment with only 0.1 mg C L − 1 of the strain NPLJ-3 (Fig. 2, upper panels) , Moina experienced no mortality with the same concentration of cyanobacteria when 0.9 mg C L − 1 of the green alga was added to keep the food concentration constant at 1.0 mg C L − 1 in the mixed diet (Fig. 2, lower panels ). Another acute experiment tested the response of a larger number of cladoceran species to the Microcystis strain NPLJ-6 (Fig. 3) . As in the previous experiment, four cladoceran species were exposed to toxic cells in single or mixed diets. In the single diet treatments, animals were exposed only to three different concentrations of Microcystis with the controls consisting of starved animals (Fig. 3, left panels) . In the mixed diet treatments, animals were exposed to Microcystis mixed in different proportions with the green alga A. falcatus, with the controls fed only the green alga (Fig.  3, right panels) . The total food concentration of mixed diets was kept constant at 1.0 mg C L − 1 , but the proportion of each food varied.
Again, Moinodaphnia was the most sensitive and Ceriodaphnia the least sensitive species (Fig. 3) . The ANOVA showed significant differences between the cladocerans (F =62.7; PB 0.0001). Comparing average LT 50 values by the Tukey test (a =0.05), the cladocerans can be ranked as follows, according to increasing sensitivity to this Microcystis strain: CerioResistance to starvation also differed between these moinids (Fig. 2) . While Moinodaphnia showed higher resistance to starvation, with an average LT 50 of 151 h, Moina starved much faster (average LT 50 of 61 h), with all individuals dying by the fourth day of the experiment.
The experiment with moinids also revealed significant differences between the Microcystis strains (F = 105.9; PB 0.0001) and an interaction between cladoceran species and strain of Microcystis (F =7.9; PB 0.0001). Comparisons of the average LT 50 values by the Tukey test (a= 0.05) showed that strain NPLJ-2 was less toxic than strain NPLJ-3 when offered as the only resource (mean LT 50 for NPLJ-2: 56 h; mean LT 50 for NPLJ-3: 45 h). In contrast, strain NPLJ-3 was less toxic than NPLJ-2 when offered in mixtures with In Fig. 4 , we ranked all the results of the acute experiments according to LT 50 values for each cladoceran species and for each strain of Microcystis, in the intermediate concentrations of single diets. This revealed consistent differences in cladoceran sensitivity and strain toxicity patterns. It is clear that cladocerans were, in general, more sensitive to the strain PCC7820, having lower mean values of LT 50 for this strain, while strains NPLJ-2 and NPLJ-3 were less toxic. Strain NPLJ-6 showed toxicity similar to the PCC7820 strain. The tropical clone of the species Moinodaphnia macleayi was the most sensitive cladoceran, and the C. cornuta clone, from the same tropical lake, was the most resistant cladoceran to the presence of toxic cells. The tropical clone of Moina micrura and temperate Daphnia species were always intermediate in sensitivity to the Microcystis strains. daphnia (LT 50 =179 h); Moina (LT 50 = 130 h); D. similis (LT 50 =100 h); and Moinodaphnia (LT 50 = 77 h).
As in the previous experiments, diet type (single or mixed diets) strongly affected survival (F = 69.5; PB 0.0001). Addition of the green alga to the diet significantly increased survival (P B0.0001), especially in the lower concentrations of cyanobacteria (Fig. 3, right panels) . The concentration of cyanobacteria in the food also had a significant effect on survival (F =120.7; PB0.0001). Increasing the proportion of Microcystis in the diet caused a significant reduction in survival of all cladocerans (Fig. 3 , right panels).
Chronic exposure, life-table experiments
The population growth rate of each cladoceran species was significantly reduced by an increasing concentration of toxic Microcystis (Table 4) . Moreover, the intrinsic rate of increase (r) was reduced in each treatment with a toxic strain of Microcystis, relative to the control with the green alga (Student's t-test, PB0.05). With one exception for Moinodaphnia, the reduction in r was proportional to the percentage of Microcystis in the diet. At lower concentrations of toxic Microcystis, some individuals survived and reproduced, while others survived but did not reproduce. With higher concentrations of cyanobacteria, some cladocerans had their reproduction strongly inhibited, even to the point where all individuals died before reaching maturity. The pattern of inhibition in the population growth rates of cladocerans was, in general, consistent with the acute toxicity experiments. The moinids were the most affected species, having their reproduction inhibited at a concentration as low as 5% of toxic Microcystis in the diet. D. pulex had decreased reproduction with increasing proportion of the strain NPLJ-2 in the diet, but was less affected than the moinids, showing positive population growth with 20% of toxic Microcystis cells. Ceriodaphnia was again the most resistant species, exhibiting positive growth in most of the treatments with toxic Microcystis. Despite the fact that Ceriodaphnia experienced negative population growth with 20% of the NPLJ-2 strain, most individuals reached maturity and reproduced at least once during the experiment.
The NPLJ-2 strain had the strongest adverse effect on cladoceran population growth rates. Each cladoceran exhibited its lowest r value with this strain. This strain also provided the strongest adverse effects on survival in the acute experiments with mixed diets. The strains NPLJ-3 and NPLJ-6 produced weaker adverse effects on the three cladoceran species. Although there was a consistent reduction in population growth rate for all cladoceran species with both strains, r values were almost always positive in the treatments with NPLJ-3 and NPLJ-6 strains.
Growth experiment with a nutritionally deficient, non-toxic cyanobacterium
Initially, animals in all treatments showed rapid growth rate, reaching more than double their initial mass during the first 2 days of the experiment (Fig.  5) . Mean growth rate during the first 2 days ( 9 standard error (SE)) was not statistically different among the four treatments P=0.29) . By the fourth day, however, animals in the Synechococcus treatment lost weight, whereas animals in the control with Ankistrodesmus and treatments with Synechococcus mixed either with the green alga (50% treatment) or a fish oil emulsion ( + FO treatment) showed a high growth rate until the sixth and final day of the experiment (Table 5 ). Animals in the Synechococcus treatment started dying after the fourth There were three replicates per treatment, which included: Syn =Synechococcus; Ank=Ankistrodesmus; +FO=Syn+fish oil emulsion; and a 1:1 mixture of Ankistrodesmus and Synechococcus (50%). Algal concentrations were 1.0 mg C L −1 and oil emulsion was 0.2 mg C L −1
. Treatments connected by a solid line are not significantly different P\0.05) day; therefore, we have data for only 4 days for this treatment. On the fourth day, mean growth rates in the treatment with 100% Synechococcus were significantly lower than that of the other treatments (Student -Newman-Keuls test, PB 0.0001). By the sixth day, there were no significant differences in growth rate between animals fed Ankistrodesmus, mixtures of Synechococcus and Ankistrodesmus or Synechococcus and the fish oil emulsion (Student -Newman -Keuls test, P= 0.18).
Moinodaphnia did not reproduce in the treatment with 100% Synechococcus. However, animals in the other treatments appeared healthy and most individuals produced eggs by the end of the experiment. Mean number of eggs ( 9 SE) were as follows: Ankistrodesmus: 5.23 90.36; 50%: 5.25 9 2.10; + FO: 4.21 9 2.90 (not significant, Student -Newman -Keuls test, P \ 0.05).
Feeding inhibition experiments
Both of the cladocerans tested exhibited feeding inhibition in mixtures of toxic Microcystis and Ankistrodesmus, but the magnitude of the inhibition differed (Fig.  6) . The filtering rate of the temperate cladoceran, D. pulex, was more weakly inhibited than that of the tropical species, Moina micrura. In a 10% mixture of Microcystis, D. pulex did not show any reduction in its filtering rate after 1 or 20 h of acclimatization time (Fig.  6a) . In contrast, in the 50% Microcystis treatment, D. pulex showed a significant reduction in filtering rate, which was, on average, only 44.0 and 34.3% of that of the control animals for 1 and 20 h acclimatization time, respectively (P =0.002).
For Moina, there was a strong and significant reduction in filtering rate in both mixtures (Fig. 6b) . In the 10% Microcystis treatments, mean filtering rate for Moina was reduced to only 8.7 and 15.8% of controls in 1 and 20 h acclimatization times, respectively (P = 0.001). In 50% Microcystis treatment, the reduction was even greater, reaching, on average, 5.8 and 5.3% of the control for 1 and 20 h acclimatization times, respectively (P =0.001). Neither cladoceran showed a significant effect of acclimatization time on filtering rate (Student-Newman -Keuls test, P \ 0.05).
Discussion
Acute toxic effects of Microcystis
Tropical and temperate cladocerans showed a wide range of responses to toxic strains of Microcystis, depending on the cladoceran species, strain and diet type. Species ranking (Fig. 4) showed consistent differences among the cladoceran species but, contrary to our initial hypothesis, we did not find a consistent relationship between cladoceran origin and sensitivity to toxic cyanobacteria. There were both tropical and temperate more sensitive species (Moinodaphnia, Moina and D. pulex) and more resistant species (Ceriodaphnia, D. pulicaria and D. similis).
As Microcystis can inhibit filtering rates of cladocerans (Lampert, 1982; Nizan et al., 1986; and is of poor nutritional value (Hazanato & Yasuno, 1987; DeBernardi & Giussani, 1990 ), a diet of only toxic Microcystis can cause starvation and death. Typically, resistance to starvation is thought to scale with body size, with larger organisms respiring a lower percentage of their body mass per day (Threlkeld, 1976) . Therefore, according to the model of Threlkeld (1976) , large-bodied cladocerans should have higher resistance to starvation, surviving better when starved or when fed low quality food than small-bodied cladocerans. Surprisingly, our results contradicted these predictions. The smallest cladoceran used in our experiments, C. cornuta, was the most resistant whereas another small species from a topical lake, Moina micrura, was the most sensitive to starvation (Fig. 4) . The tropical Moinodaphnia was also more resistant to starvation than the much larger Daphnia species. There was also no consistent effect of body size in the sensitivity of cladocerans to toxic Microcystis. Two of the smallest species, Ceriodaphnia and Moinodaphnia, were the least and most sensitive species, respectively. Perhaps, the trophic status of the lakes of origin may help to explain these patterns in starvation resistance and sensitivity to toxic cyanobacteria among the cladocerans (Table 2) . Both Ceriodaphnia and Moinodaphnia clones came from a tropical coastal lagoon with low primary productivity and may have been adapted to low food levels, whereas Moina micrura came from a tropical hypereutrophic coastal lagoon, in which Microcystis blooms heavily during most of the year. Daphnia species came from different sources, but they are probably well adapted to large fluctuations in resource levels. D. pulicaria came from Crooked Lake, a mesotrophic hard water lake, where some toxic Oscillatoria occurs. D. pulex is a common species in swamps, marshes and temporary ponds, where cyanobacteria are rare. Epp (1996) also showed that resistance to starvation can vary largely within different genotypes (clones) of D. pulicaria, which is also contrary to the body size-starvation resistance model proposed by Threlkeld (1976) .
Our results suggest that the sensitivity of cladocerans to toxic Microcystis is associated with life histories rather than to geographic origin. In analogy with strategies in vascular plants (Ramensky, 1938; Grime, 1979) , Romanovsky (1985) proposed three types of life history strategies in cladocerans. Small-bodied, fast-growing species ('explerents' or 'ruderals') are highly susceptible to starvation and to lower food quality. These species have a short life span and allocate much energy to reproduction, as is shown by their high rate of population increase (high r), and they can temporarily inhabit very productive environments, exploiting periods of high food availability. Large-bodied, fast-growing species ('violents' or 'competitors') have juveniles that are prone to starvation because of their relatively small size at birth and higher allocation of energy to somatic growth during the early instars. However, adults of large-bodied species, such as Daphnia, are more resistant to reduced food supply and are superior competitors in relatively undisturbed environments, with a potentially high rate of population growth (high r). The third group of small-bodied, slow-growing species ('patients' or 'stress tolerators') is able to survive food depletion in disturbed environments due to a lower threshold food concentration, a low rate of juvenile growth and a slow population growth (low r).
These three types of life history are well represented by the cladoceran species tested here. The genus Moina can be classified as 'explerent' because it has a high potential for population growth (high r) and is highly sensitive to starvation. Ceriodaphnia fits well in the 'patient' type, having a high resistance to starvation and low population growth rate (low r). The Daphnia species can be classified as 'violent', with a large body size at maturity and a relatively high population growth rate (high r). In his hypothesis, Romanovsky (1985) mostly considered food quantity, although poor food quality and even toxic food could cause the same effects. Therefore, it seems plausible that species that are highly sensitive to starvation should also be more sensitive to toxic algae. Our results fit well with these expectations because two of the species most sensitive to starvation and with high potential for population growth (Moina and D. pulex) were also most sensitive to the toxic strains of Microcystis.
The toxicity of strain PCC7820 to temperate cladoceran species is well known (Nizan et al., 1986; Reinikainen, Ketola & Walls, 1994; Hietala et al., 1995; Smith & Gilbert, 1995) , whereas no previous study has compared the toxicity of this strain with that of Microcystis strains from the tropics. The strain PCC7820 produces more than one kind of microcystin (LR, RR, YR and LA), all of them with similar toxic properties (Carmichael, 1992) . Our analysis of the Brazilian strains did not, however, identify the different chemical forms of microcystins.
The cellular microcystin concentration varied little between Brazilian Microcystis strains and was within the same range found for other strains Hietala et al., 1995) . Microcystin production, however, can vary with culture conditions, such as light intensity, nutrient medium composition and culture age (Sivonen, 1990; Utkilen & Gjølme, 1992; Rapala et al., 1997; Watanabe et al., 1989) . In this study, experiments were run at different times and toxin content was measured once or twice only for each strain of Microcystis. We did not confirm that microcystin content was the same during the experiments and, therefore, we did not test for a correlation between microcystin content and effects observed in the toxicity experiments. In addition, we cannot exclude the possibility that other toxins acted synergistically with microcystins. Recent studies have suggested that Microcystis toxins, other than microcystins, can exert acute toxic effects on Daphnia (Jungmann, 1992; Jungmann & Benndorf, 1994) .
Differences in digestibility of the Microcystis cells could be another factor influencing toxicity for cladocerans. Microcystins are endotoxins (Carmichael, 1992) , delivered only after digestion of the toxic cells during passage through the gut. Our strains showed differences in size and cell sheath production that may have caused differences in digestibility. The NPLJ-3 strain, which was one of the least toxic strains, produced large amounts of mucilage, even making toxin extraction difficult. The NPLJ-3 extracts looked like a gel, while the other strains had extracts with liquid consistency. However, differences in digestibility cannot explain the similarity in toxicity between NPLJ-2 and NPLJ-3 strains to some of the cladocerans. Porter (1975) showed that different zooplankton species have different abilities to digest the gelatinous sheaths of certain green algae. Also, Lampert (1982) suggested that zooplankton species differ in their capacity to digest algal cells and, therefore, are variously susceptible to toxic cyanobacteria. This may explain the higher sensitivity of Ceriodaphnia and Daphnia species to the NPLJ-2 strain, which produces less mucilage than the NPLJ-3 strain. The PCC7820 strain, which was the most toxic strain in the acute experiments, apparently has a thinner mucilaginous sheath than the other strains.
Diet composition also played an important role in the toxicity of Microcystis strains to the cladocerans. In nature, zooplankton generally feed on a mixed diet of seston and it is unlikely that it will experience a diet purely of toxic cyanobacteria. Even in lakes dominated by cyanobacteria, the zooplankton diet will include good quality foods, such as green algae, bacteria and detritus, that may increase survival and reproduction.
The several experimental designs used in the acute toxicity experiments also showed that much more sensitivity was detected when we used mixed diets. In the experiments with single diets, there was a weak effect of Microcystis concentration on cladoceran survival, whereas in the mixed diets there were more statistically significant differences between survival curves in the different concentrations of cyanobacteria, suggesting a stronger effect of the Microcystis strains. These results also showed that the survival of cladocerans was significantly improved by adding a high quality alga. Therefore, the most suitable approach to estimate the toxicity of cyanobacteria seems to be one using mixed diets. Furthermore, the technical definition of toxic cyanobacteria, in which a strain is considered toxic only if it causes more deaths than the controls with starved animals, must to be viewed with caution. This is particularly important in the case of species that are very sensitive to starvation, such as Moina micrura.
Effects of toxic Microcystis on population growth
Both the tropical and the temperate cladocerans showed decreased growth and reproduction on the mixed diets including toxic Microcystis. Population growth rate (r) decreased as the proportion of Microcystis in the diet increased, thus showing that sublethal mixtures of Microcystis in the diet can cause a population decline. Reproduction decreased in cladocerans with a Microcystis concentration as low as 5%, and even in higher concentrations of Microcystis, where good food (green algae) was still available above the threshold requirements of cladocerans. Therefore, these results are consistent with the chronic toxicity rather than the nutritional deficiency hypothesis. In the experiment with Synechococcus, however, as in other studies using mixtures of nutritionally deficient cyanobacteria (DeMott & Mü ller-Navarra, 1997; DeMott, 1998) , growth and reproduction in a mixture of 50% cyanobacteria and green algae did not differ from the control with 0% cyanobacteria (100% Ankistrodesmus), not suggesting toxic effects in these cases.
The effects of Microcystis on cladoceran reproduction were of two kinds: 1) a delay of 1 or more days in age at first reproduction (data not shown); and 2) a reduction in reproductive output (eggs/female and clutch size; data not shown). As Allan (1976) pointed out, age at first reproduction and clutch size are the key factors in determining the intrinsic rate of natural increase. Furthermore, animals in the Microcystis treatments appeared smaller than control animals supplied with green algae and their ovaries were less developed. These effects were also observed in other studies with strain PCC7820 and non-toxic Microcystis strains (Hietala et al., 1995; Smith & Gilbert, 1995) .
Comparison of cladocerans in terms of absolute r values seems inappropriate, because the species differ in their life history traits and maximal population growth rates. Therefore, we compared r values as a percentage of the controls. In general, species differences in sensitivity to toxic algae, noted in the acute tests, were also reflected in the chronic tests. The cladocerans that had high r values in the controls and were more sensitive in the acute tests (e.g. Moina) had their reproduction more affected by Microcystis strains than those with low r values in the controls, which were also less sensitive to the toxic strains in the acute tests (e.g. Ceriodaphnia). These results are supported by Romanovsky's (1985) idea that cladocerans that invest heavily in reproduction when food conditions are suitable ('explerents') are more affected by starvation (or low food quality) than cladocerans that can resist longer periods of starvation ('patients').
Despite better survival, the population growth of Moina was more affected by strains NPLJ-3 and NPLJ-6 than Moinodaphnia, which was the most sensitive species in the acute toxicity experiments. Such differences in sensitivity to Microcystis between these two moinid species seems to reflect a trade-off between the allocation of energy to reproduction and to somatic maintenance in low quality food stress, because these two moinid species have different life histories in conditions of good food (controls with the green algae). Moina had a higher population growth rate in the controls, apparently investing more energy in reproduction than Moinodaphnia when food conditions were good. In the presence of low quality food (Microcystis), however, Moina survived better than Moinodaphnia, but at the expense of lowered reproduction.
For the only temperate cladoceran used in the lifetable experiments, D. pulex, the rate of population increase was less affected by the NPLJ-2 strain than in the other cladocerans, despite being one of the most sensitive cladocerans in the acute toxicity experiments. This large-bodied cladoceran, which can be a superior competitor ('violent') in temperate zooplankton communities, typically has a large clutch size and a lower threshold food concentration for growth compared with small-bodied cladocerans, such as Moina (Romanovsky, 1985) . Therefore, as in Moinodaphnia, D. pulex seems to invest more energy in maintaining a high rate of population increase despite lower survival in the presence of low quality food.
Effects of nutritionally deficient cyanobacteria on growth and reproduction
As observed with the toxic strains of Microcystis, the cyanobacterium S. elongatus caused reduced growth and reproduction in Moinodaphnia when offered as a single diet. When Synechococcus was complemented with high quality food (Ankistrodesmus) or fish oil emulsions, however, this cladoceran exhibited excellent growth and reproduction. In contrast, even small additions of Microcystis into the diet caused reductions in survival and reproduction in the acute and chronic experiments. These results suggest that Synechococcus is a non-toxic but nutritionally deficient resource. DeMott & Mü ller-Navarra (1997) found similar results for three temperate Daphnia species. As in this study, D. pulicaria failed to reproduce on a diet of Synechococcus alone. These authors attributed their results to the low content of polyunsaturated fatty acids (PUFAs) found in this cyanobacterium, such as linolenic acid, eicosapentatenoic acid (EPA) and docosahexaenoic acid (DHA), which are important dietary constituents (Ahlgren et al., 1990; Mü llerNavarra, 1995) . In contrast, green algae like Ankistrodesmus and Scenedesmus are considered good foods and have a high contents of PUFAs, such as linolenic acid (Ahlgren, Gustafsson & Boberg, 1992) , supporting good growth and reproduction for Daphnia (DeMott & Mü ller-Navarra, 1997; Kilham et al., 1997; Lü rling & Van Donk, 1997; Repka, 1997) .
Although Synechococcus lacks some essential fatty acids, it is rich in phosphorus (P) and can support high growth rates in mixed diets (DeMott, 1998) .
cystis, an understanding of this variation may be found in life history variation rather than in the geographic distribution.
